Roads are a widespread and growing form of habitat alteration, making their effects on wildlife a major conservation concern. We investigated effects of roads on occupancy patterns and stress physiology of the golden-cheeked warbler Setophaga chrysoparia, an endangered songbird that depends on large tracts of old-growth forest for breeding. We compared those effects in the white-eyed vireo Vireo griseus, a common songbird that prefers to breed in scrubby habitat that is common along forest roads. In warblers, older, socially dominant males were more likely to occupy territories, but had higher baseline plasma concentrations of corticosterone, in less-roaded habitats. In vireos, older males were equally likely to occupy territories, but, opposite to warblers, had lower baseline corticosterone concentrations, in less-roaded habitats. In both species, the corticosterone response to acute stress was unrelated to road density, and body condition and fat stores either increased or were sustained across road density groups during the breeding season, suggesting that breeding near roads did not cause chronic stress. Our results suggest that roads can cause increased male-male competition for territories in nearby roadless habitat, and may result in higher corticosterone concentrations in dominant individuals defending preferred sites near or far from edge, depending on species habitat preferences. Increased competition and chronically elevated corticosterone levels may be of concern if they alter parental care or immunity of individuals breeding in the best habitat.
Introduction
Many migratory songbird populations have declined in recent decades, particularly in species that breed in forests of North America (Robinson & Wilcove, 1994; Sauer, Hines & Fallon, 2007) . These populations are known or are likely to be affected by habitat loss and edge effects (Paton, 1994; Donovan et al., 1997; Hartley & Hunter, 1998; Ries et al., 2004) . Because of their shape, roads can increase edge dramatically with only a small reduction in habitat. Thus, examining edge effects of roads could be a useful way to decouple effects of fragmentation from effects of habitat loss (Fahrig, 2003) . However, because roads are associated with mortality because of vehicle strikes (Ries, Debinski & Wieland, 2001 ) and disturbance from vehicle noise (Reijnen & Foppen, 2006) , roads may create multiple disturbances not associated with other forms of fragmentation. Here, we investigated effects of an isolated, traffic-free road network, in otherwise high-quality habitat, in order to examine impacts on songbirds due to extensive fragmentation that was largely uncoupled from habitat loss and human activity.
Habitat fragmentation has complex effects on songbird habitat occupancy (Mazerolle & Hobson, 2002) . In many songbirds, male-male competition for breeding territories results in younger, subordinate males occupying lesspreferred habitat, and older, dominant males occupying better habitat (Krebs, 1971; Sherry & Holmes, 1989; Hatchwell, Chamberlain & Perrins, 1996; Holmes, Marra & Sherry, 1996; Petit & Petit, 1996) . Male songbirds often attempt to upgrade territories within and between breeding seasons (Krebs, 1971; Sherry & Holmes, 1989; Bayne & Hobson, 2001) , putting competitive pressure on males defending preferred sites (Mazerolle & Hobson, 2002) . Therefore a species preference for breeding near or far from edges could drive spatial variation in male-male competition within a road-fragmented landscape, resulting in age-and size-based occupancy patterns and increased competitive pressure on territorial males in the best habitat (Holmes et al., 1996; Petit & Petit, 1996; Mazerolle & Hobson, 2002) .
Hormonal measures of stress offer a potentially useful way to detect harmful but sublethal effects of habitat alteration on individual animals (Romero, 2004; Cockrem, 2005) . Under normal conditions, corticosterone circulates in the blood at a relatively low level and plays a major role in homeostasis (Sapolsky, Romero & Munck, 2000) . Concentrations increase within minutes of perception of a threat, with several effects that are thought to help an animal cope and recover (Sapolsky et al., 2000; Wingfield & Romero, 2001) . Perhaps paradoxically, experimentally induced 'chronic' stress, lasting several days, results in lower -not higher -baseline glucocorticoid concentrations, and a damped glucocorticoid response to an acute stressor (Rich & Romero, 2005; Cyr & Romero, 2007; Dickens, Earle & Romero, 2009 ). However, naturally occurring chronic stress can result in increased or decreased glucocorticoid concentrations (Busch & Hayward, 2009) .
We compared effects of roads on age-based occupancy patterns, corticosterone concentrations, and body condition of two migratory songbirds breeding in Texas, USA. The endangered golden-cheeked warbler Setophaga chrysoparia prefers to nest in large patches (~100 ha) of mature juniperoak Juniperus spp.-Quercus spp. woodland (Ladd & Gass, 1999) . Within heavily wooded landscapes, habitat fragmentation is not a strong predictor of occurrence (Magness, Wilkins & Hejl, 2006) , but roads-based fragmentation increases warbler nest predation (Peak, 2007) . Therefore, warblers may prefer territories in less-roaded forest. In contrast, the common white-eyed vireo Vireo gilvus, prefers to breed in dense low shrubs with an open canopy (Conner et al., 1983) , characteristic of heavily roaded habitat at our site. We used these contrasting habitat preferences to make species-specific predictions about how roads would affect males during the breeding season.
In warblers, we predicted that younger, subordinate males would be excluded from territories in contiguous forest and more likely to occupy territories near roads. We also predicted that warblers breeding near roads would be in worse physical condition (as indexed by body mass and body fat stores), and have increased (or decreased; see earlier) baseline corticosterone concentrations compared with warblers breeding in contiguous forest. We predicted opposite patterns in vireos: a higher proportion of young males, and males in worse physiological condition, in contiguous forest. We expected a damped corticosterone response to the acute stress of capture and handling in warblers from roaded habitat and vireos from contiguous habitat.
Methods

Study area
Work was conducted at Fort Hood, Texas, USA (31°08′N, 97°46′W). Most of the roads and trails transecting our sites were unimproved and unpaved. Work was conducted on parts of the installation where military activity was either prohibited (31% of sample points) or obstructed, or very rare and detected only a few times during the study. Thus, this study reports road effects that are largely independent of human activity.
Study species
Warbler nest-building peaks in early April, with a mean egg-laying date of 17 April (Ladd & Gass, 1999) . Warblers switch from breeding to molting in mid-June (LKB, unpubl. data). Vireo nesting peaks slightly later (early egg date 12 April in Texas; Hopp, Kirby & Boone, 1995) , and adults switch from breeding to molt in early July (Butler, Hayden & Romero, 2008) .
Defining road density groups
We used remotely sensed imagery to establish four categories of target sample points, along each of ten separate bird sampling routes, and representing a range of common road densities within Fort Hood: Zero (no roads or trails wider than 3 m within 100 m of the capture site), Low (one relatively straight trail, 3-5 m wide, near the capture point), Medium (the intersection of two to three 3-5 m width trails), and High (the intersection of several trails and roads; Fig 1a) . A handheld global positioning system (Explorist II, Garmin, Inc.) was used to locate targeted sites in the field, but occasionally sites were moved slightly due to inaccessibility or to place nets for capturing the target bird. A total of 75 capture sites (seven to nine per sampling route) were used to capture 51 male golden-cheeked warblers from 6 April to 29 May, and 45 male white-eyed vireos from 21 April to 4 June, in 2008. Road density groups differed significantly in percent canopy gap (road density group: F 3,86 = 64.6, P < 0.0001, and all pair-wise Fisher's protected least significant difference (PLSD) P < 0.05; Fig. 1b ) and total m of road (road density group: F3,86 = 145.5, P < 0.0001, and all pair-wise Fisher's PLSD P < 0.01; Fig. 1c ). Each species occupied the four road density categories with similarly high frequency (82-100%; see Supporting Information).
Capture of focal animals
Birds were lured into mist nets by playing conspecific vocalizations recorded at Fort Hood. We monitored the net continuously and sampled the first male captured. In most cases, this male was singing (a clear sign of territory ownership) nearby before capture, and no other male sang in the immediate area before or after capture of the first male.
Sampling and hormone assays
The first blood sample was taken Յ3 min after capture. Corticosterone concentrations at the time of capture were unrelated to playback duration prior to capture [analysis of covariance (ANCOVA) with playback duration (logtransformed) as covariate, warblers, mean min Ϯ standard deviation (SD) = 8.9 Ϯ 10.1, F1,39 = 0.9, P = 0.36; vireos, 7.7 Ϯ 8.9, F1,33 = 0.7, P = 0.41)], so these 'baseline' samples should reflect pre-capture corticosterone concentrations, and not a response to capture stress (Romero & Romero, 2002; Romero & Reed, 2005) or conspecific song playback (Fusani et al., 2005) . A second blood sample was taken 30 min after capture to measure the acute stress response. All procedures were approved by the Institutional Animal Care and Use Committee at Tufts University.
Blood was sampled from 1 to 7 h after sunrise using methods described previously (Butler et al., 2009) . Briefly, blood was taken from the alar vein, placed on ice in the field, and centrifuged within 24 h. Plasma was then frozen until it was assayed at Tufts University. Plasma corticosterone was assayed using a standard radioimmunoassay (Wingfield, Vleck & Moore, 1992; see Supporting Information) .
Each bird was weighed using a 30-g Micro-Line spring scale (Pesola, Baar, Switzerland) graduated to 0.25 g (accuracy Ϯ 0.3%). Body fat was scored on a scale of 0 (no visible fat) to 5 (heavy sheets of fat) following Romero et al. (1997) . As indices of overall body size, we measured tarsus length using a caliper (model SPI 2000, Swiss Precision Instruments, Garden Grove, CA, USA) and unflattened wing chord using a wing rule (Pyle, 1997) . Age class was determined using plumage traits that distinguish birds in their first breeding season (hereafter 'young' birds) from older birds (Hopp et al., 1995; Pyle, 1997; Ladd & Gass, 1999) .
To control for any seasonal effects, we sampled each road category within each route over 1-5 days in warblers (mean Ϯ SD = 3.1 Ϯ 1.3, n = 9; exception noted later) and 3-8 days in vireos (mean Ϯ SD = 3.4 Ϯ 1.8, n = 10). In one additional warbler route, five of six samples were obtained over a 3-day period and one high road density sample was obtained 3 weeks earlier.
Statistics
Demographic parameters were analyzed using chi-squared and Mann-Whitney tests (Zar, 1999) . Corticosterone concentrations did not violate the assumption of homogeneity of variance (in Levene's test, all P > 0.05; Zar, 1999) , so we compared corticosterone among road groups using ANCOVA and Fisher's PLSD tests. Body condition was analyzed by treating body mass as the dependent variable in an ANCOVA, with road density group as the independent variable and tarsus length and day of year as covariates (García-Berthou, 2001 ; residuals of body mass regressed on tarsus length are presented graphically). Body fat and body size were analyzed in analyses of variance (ANOVAs). No young warbler was captured at a low-roads site (n = 9 males captured) and only two were captured at zero-roads sites (n = 13), precluding statistical analysis of age effects on warbler physiology. Age was not a significant factor in any analysis of vireo physiology (all P > 0.15), so it was removed from the model. We included day of year as a covariate in all ANCOVAs initially, and removed it if it had no significant main effects or interactions. We analyzed corticosterone separately within early and late stages of the breeding season in order to account for potential seasonal effects (Romero, 2002) . 
Results
Demographic correlates of road density
Warblers
Occupancy by young male warblers did not vary significantly among the four road categories [c 2 = 5.4, degrees of freedom (df) = 3, P = 0.15; Table 1 ]; however, young males were nearly fourfold more common than older males at medium-and high-roads sites (35% of 29 males) compared with the Low-and Zero-roads sites (9% of 22 males), and this two-group contrast was statistically significant (c 2 = 4.5, df = 1, P = 0.034; Table 1 ). Body size, as indexed by tarsus length and wing chord, was unrelated to site occupancy (each P > 0.5).
Vireos
In contrast to warblers, vireos showed no significant relationship between road density and young male occupancy rate (c 2 = 1.6, df = 3, P = 0.66; Table 1 ). As in warblers, vireo body size indices were unrelated to site occupancy (each P > 0.2).
Physiological Correlates of Road Density
Warblers
Baseline total corticosterone concentrations varied significantly among road groups in warblers (F3,42 = 4.3, P = 0.01, Fig. 2a) , with medium-and high-roads males having significantly lower concentrations than zero-roads males (Fisher's PSLD tests, P = 0.003 and P = 0.005, respectively). Concentrations in low-roads males were intermediate (Fig. 2a) . This result was not attributable to the low concentrations in young males at medium-and high-roads sites (Fig. 2a) , as the same result obtained when the analysis was limited to older males (F3,31 = 2.9, P = 0.049, Fisher's PSLD tests, P = 0.02 and P = 0.02, respectively).
Road-related differences in baseline corticosterone appeared to emerge late in the warbler breeding season (Fig. 3a) . Early in the breeding season (prior to the median male capture date of 23 April), baseline corticosterone concentrations in older males were similar among road categories (F3,12 = 1.4, P = 0.29), but later in the breeding season, concentrations in older males varied significantly among road groups (F3,15 = 3.8, P = 0.034), with High-roads males having significantly lower concentrations than zero-roads males (Fisher's PSLD tests, P = 0.005).
Warblers responded to 30 min of capture stress with large increases in corticosterone (in repeated measures ANOVA of baseline and 30-min samples, P < 0.0001; Fig. 2c ). However, this response was unrelated to road group (F3,41 = 0.2, P = 0.88). Effects of roads on breeding songbirds L. K. Butler et al. Body mass and fat score were similar across road groups in warblers (body mass, F3,41 = 1.4, P = 0.26; fat score, F3,42 = 2.2, P = 0.11; Fig. 4a,c) . Fat score increased significantly with day of year (F1,42 = 10.5, P = 0.002; data not shown), but similarly across road groups (interaction term road group ¥ day of year, F3,42 = 2.15, P = 0.11). Body mass was unrelated to corticosterone concentrations in warblers (all P > 0.1).
Vireos
Baseline corticosterone concentrations were similar in vireos among all four road groups (F3,35 = 1.6, P = 0.21, Fig. 2b) , although, analogous but opposite to warblers, in a two-group contrast baseline concentrations in vireos were significantly higher in older males captured at medium-and high-roads sites than at zero-and low-roads sites (F1,23 = 4.5, P = 0.045), and, as in warblers, this contrast emerged later in the breeding season. Prior to the median male capture date of 29 May, baseline corticosterone concentrations were similar between males captured at zero-/low-roads sites and medium-/high-roads sites (F1,10 = 0.7, P = 0.4), but significantly different after this date (F1,11 = 10.8, P = 0.007; Fig. 3b) .
Capture stress caused large increases in vireo corticosterone across road groups (in repeated measures ANOVA of baseline and 30-min samples, P < 0.0001; Fig. 2d ). However, this response was unrelated to road density (F3,37 = 0.1, P = 0.99).
Body mass and fat score were unrelated to road density (body mass, F3,36 = 2.1, P = 0.12; fat score, F3,41 = 0.62, P = 0.61; Fig 4b,d) or day of year (each P > 0.2), similar to warblers. Body mass was negatively correlated with 30-min concentrations in vireos (r = -0.31, F1,38 = 4.1, P = 0.049; data not shown). 
Discussion
Demographic consequences of fragmentation by roads
Our results agree with other studies of migratory New World warblers showing that older males exclude younger males from preferred habitats (Sherry & Holmes, 1989; Holmes et al., 1996; Harris & Reed, 2002) . However, ours is the first study we know of to demonstrate age-related segregation in a bird based on road density. Older male goldencheeked warblers were significantly more likely than young male warblers to occupy sites with lower road densities, and this segregation appeared to be most extreme early in the breeding season when opportunities to attract a mate were still available. The only two young males captured at zeroor low-roads sites were captured on 30 April and 17 May, long after arrival, territory establishment, and peak nesting (n = 13 males captured at zero-and low-roads sites 6-29 April). These two young males may have been replacements that moved into the zero-roads habitat after territory owners died or abandoned a territory. In contrast, we found no age-based habitat segregation in vireos, and young males were common at the medium-and high-roads (shrubby) sites early in the breeding season (36% of 11 males captured during the first 2 weeks of sampling, 21 April-5 May). Habitats within our range of road densities may have been equally preferable to dominant male vireos, or, unlike warblers, there may be no age-based dominance hierarchy in vireos. Unfortunately, the breeding system of white-eyed vireos is not well-studied, but first-year males are known to hold territories and attract mates (Hopp et al., 1995; LKB & TJH) .
Physiological consequences of fragmentation by roads
Golden-cheeked warblers had lower baseline corticosterone concentrations in more heavily roaded habitat than in roadless habitat. There are three possible explanations for this contrast: corticosterone was suppressed in males in heavily roaded habitat, or elevated in males in contiguous habitat, or both may have occurred.
Although low corticosterone concentrations in warblers from heavily roaded habitats could potentially result from chronic stress, we doubt this explanation. When chronic stress is induced experimentally in birds, the result is suppression of baseline corticosterone (Rich & Romero, 2005; Walker, Boersma & Wingfield, 2006; Cyr & Romero, 2007; Dickens et al., 2009) . However, when corticosterone concentrations are correlated with environmental conditions thought to cause chronic stress (e.g., low quality or disturbed habitat), the results are inconsistent: some studies show decreased baseline corticosterone (e.g., Homan et al., 2003) , but others show increased baseline corticosterone (e.g., Marra & Holberton, 1998) . It is tempting to conclude that the low corticosterone concentrations found in warblers from heavily roaded sites are analogous to the low concentrations found in experimentally chronically stressed birds, but our other physiological measures did not match those from experimentally induced chronic stress. Experimental chronic stress results in lower body condition (Rich & Romero, 2005; Walker et al., 2006; Dickens et al., 2009) and a suppressed acute corticosterone response to stress (Romero & Wikelski, 2002; Rich & Romero, 2005; Dickens et al., 2009) . However, in the current study, across road groups, warblers were in similar body condition, gained fat similarly during the breeding season, and responded with similarly large responses to capture stress, all suggesting that warblers near roads were not chronically stressed.
Similar reasoning applies to white-eyed vireos. Baseline corticosterone was significantly higher in medium-and high-roads sites among older male vireos, opposite to warblers, but analogous to warblers with respect to habitat preferences. Vireos also showed no road-related variation in body condition or the corticosterone response to acute stress, so we conclude that the lower baseline corticosterone concentrations in older male vireos in less-roaded habitat were not a result of chronic stress (Rich & Romero, 2005) .
To explain the demographic and physiological correlates of road density found in this study, we propose that, within a mature forest landscape, roads either degraded (warblers) or improved (vireos) habitat quality, increasing the intensity of local male-male competition far from (warblers) or near (vireos) roaded habitat, and causing an increase in baseline corticosterone concentrations in males defending roadless (warblers) or roaded (vireos) territories. This explanation is consistent with known habitat preferences for contiguous forest in warblers (Ladd & Gass, 1999) and for open scrub in vireos (Conner et al., 1983) . We found that older, dominant male warblers were more common in roadless sites, as in several other songbirds in which dominant males exclude subordinate males from preferred habitat (Sherry & Holmes, 1989; Holmes et al., 1996; Petit & Petit, 1996; Harris & Reed, 2002) . Although we found no evidence that male vireos assort according to an age-based dominance hierarchy, it is unlikely that less competitive, subordinate male vireos (old or young) hold preferred territories.
Additionally, in other seasonally breeding temperate songbirds, when males stop defending preferred territories (because of experimental or natural causes) they are rapidly replaced by non-territorial males (Bayne & Hobson, 2001) or males defending suboptimal territories (e.g., Krebs, 1971; Beletsky & Orians, 1987) . Therefore, we expect that in this study males defending optimal habitat experienced greater intrusion pressure than males defending suboptimal habitat.
Finally, territorial threats are well-known to elicit hormonal responses in territory owners, including increased glucocorticoid concentrations (Wingfield et al., 1990; Silverin, 1993; Silverin, 1998a; van Duyse et al., 2004; Landys et al., 2007) . A short-term increase in glucocorticoid concentrations improves response to a physical threat by augmenting stimulation of the cardiovascular system, activating the immune system, and mobilizing energy stores (Sapolsky et al., 2000) . Similar to the current study, male pied flycatchers Ficedula hypoleuca breeding in preferred deciduous habitat had higher baseline corticosterone concentrations than males breeding in suboptimal coniferous forest, which was attributed to higher intrusion rates in preferred habitat (Silverin, 1998b) .
In most birds, corticosterone concentrations reach an annual peak early in the breeding season and then decline (Romero, 2002) . Therefore, the high late-season corticosterone concentrations in warblers and vireos from preferred habitats strongly suggest a response to an environmental stimulus. We doubt that the stimulus was increased energetic demands of nestling provisioning, because that stimulus does not increase baseline corticosterone in males of other temperate songbirds with similar paternal care [e.g., yellow warbler S. petechia (Wilson & Holberton, 2004 ) and white-crowned sparrow Zonotrichia leucophrys (Bonier et al., 2007) ]. Greater foraging costs in interior habitat have been observed in another edge-sensitive bird, the northern spotted owl Strix occidentalis (Hayward et al., 2011) , but this seems unlikely to explain elevated corticosterone concentrations in warblers from interior habitat in this study, because vireos and warblers have similar diets (Hopp et al., 1995; Ladd & Gass, 1999) , but vireos had lower corticosterone concentrations in interior habitat.
Conclusions
The ideas that anthropogenic habitat degradation can alter demographic patterns (e.g., Hatchwell et al., 1996) and glucocorticoid concentrations (e.g., Wasser et al., 1997) in birds are not new. However, ours is the first study we know of to suggest that roads alone, independent of habitat loss and human activity, can be the bases for these phenomena in songbirds. We found opposite, but analogous effects on two species breeding in the same landscape, strongly implicating road density as the cause of the patterns described here. This suggests that, for some species, edges change the quality of habitat in ways that differ from changes due to habitat loss or human activity. It also reiterates the finding that these responses are species-specific, and often tied to key habitat associations (Ries et al., 2004) , although this study was limited to a two-species comparison.
Our study site at Fort Hood is considered a high-quality habitat for golden-cheeked warblers based on occupancy rates (Jetté, Hayden & Cornelius, 1998) and reproductive success (Jetté et al., 1998; Peak, 2007) . We found demographic and physiological consequences of roads at low densities (~5-15% canopy gap), suggesting sensitivity of male warblers to this form of edge. Elevated glucocorticoids may help dominant males maintain territories in optimal habitat, but they may also have negative long-term effects on the immune system (Sapolsky et al., 2000) , parental care (Silverin, 1986) and molt dynamics (Romero, Strochlic & Wingfield, 2005; Busch et al., 2008) . Consequently, although roads did not elicit symptoms of chronic stress, observed changes in occupancy patterns and baseline corticosterone concentrations indicate that habitat quality was degraded near traffic-free roads, and could potentially compromise an individual bird's ability to cope with subsequent challenges.
